Hereditary nonpolyposis colorectal cancer (HNPCC) is an autosomal dominant disorder caused by DNA mismatch repair (MMR) gene mutations with hMLH1 and hMSH2 being the most frequently mutated ( 1 ) . The syndrome is characterized by an increased risk of a variety of cancers, with colorectal cancer (CRC) and endometrial cancer being the most common ( 2 ) . The incidence of HNPCC is one in 1000 in the general population and one in 100 in individuals with CRC ( 3 ) .
The age of CRC onset varies considerably among MMR gene mutation carriers, which may be partially explained by a combination of genetic and environmental factors. For example, a previous study from our group ( 4 ) showed that adverse polymorphic genotypes of the cyclin D1 gene infl uence age-associated risk for CRC in HNPCC. The cyclin D1 gene guanine (G) to adenine (A) polymorphism at codon 242 (nucleotide 870) in exon 4 enhances alternate splicing, increases the levels, and prolongs the half-life of the alternative cyclin D1 transcript ( 4 ) . MMR mutation carriers with one or two copies of the cyclin D1 A allele develop CRC 11 years earlier, on average, than MMR gene carriers with the GG phenotype ( 4 ) .
Insulin-like growth factor (IGF)-I is a polypeptide that has previously been associated with sporadic CRC. Numerous in vitro and animal studies of CRC ( 5 -8 ) have implicated IGF-I in cell transformation, tumor growth, metastasis, and poor prognosis. In addition, epidemiologic studies ( 5 , 6 ) have indicated that high plasma IGF-I plays a role in energy balance (energy intake versus expenditure), which has also been shown to infl uence risk for CRC. IGF-I also activates and induces nuclear accumulation of cyclin D1, a required step for initiation of the cell cycle ( 9 , 10 ) .
Although IGF-I plasma levels fl uctuate due to age and physiologic and behavior factors, such as nutrition, exercise, and smoking, some studies ( 11 , 12 ) also implicate a genetic component in the interindividual variability in IGF1 gene expression. A gene polymorphism that consists of numerous cytosine-adenine (CA) dinucleotide repeats is located in the 5 ′ untranslated promoter region of the IGF1 gene (1 kilobase from the transcriptional initiation site). This polymorphism is thought to alter promoter activity and, thus, infl uence the transcription rate of IGF1 ( 12 ) . CA repeats in a promoter have also been reported to infl uence transcription in the growth-related genes acetyl-coenzyme carboxylase and egfr, in which the length of the repeat is inversely associated with gene transactivation and, therefore, protein levels ( 13 , 14 ) . To date, no in vitro studies have evaluated whether modifying the length of the CA repeats alters IGF1 gene expression.
Studies on the association between IGF1 CA repeat length and serum IGF-I levels have been inconsistent ( 12 , 15 -29 ) . The inconsistency may be due to the strategy used for these genotype -phenotype studies; most are based on a comparison of serum IGF-I levels between homozygous carriers of the CA 19 polymorphism versus other genotypes. The fact that this analytic strategy is common may also explain why the infl uence of the length of the IGF1 CA-repeat polymorphism on cancer risk has been reported inconsistently, perhaps refl ecting differences in allele frequencies greater than or less than 19 repeats among the different populations studied.
We investigated the relationship between IGF1 CA-repeat polymorphism length and age-associated risk for HNPCC, because it is not yet known whether IGF-I has a role in this hereditary form of CRC. The study included 121 individuals (from 59 families) with confi rmed germline hMLH1 or hMSH2 gene mutations from the University of Texas M.D. Anderson Cancer Center HNPCC registry ( 30 ) . Written informed consent for this study was obtained from all participants ( 4 ) . The study was approved by the M.D. Anderson Cancer Center Internal Review Board. More than half of the participants ( tbl1 Table 1 ) were females (53.7%), MSH2 mutation carriers (53.7%), and Caucasian (85%). The mean age of CRC onset was 43.9 years (range = 23 -84 years). Individuals with CRC (45%) were older than non-CRC individuals (mean age = 57.6 years versus 46.9 years), more likely to be deceased (34.5% versus 3%), and more often the proband in a family (71% versus 12%).
The IGF1 dinucleotide genotyping was performed using the forward 5 ′ -GC TAGCCAGCTGGTGTTATT-3 ′ primer and the reverse 5 ′ -ACCACTCTGGG AGAAGGGTA-3 ′ primer, fl anking the polymorphic (CA) n repeat upstream of the transcription start site ( 11 ) . Polymerase chain reaction (PCR) and gel electrophoresis were performed as previously described ( 31 ) . The cyclin D1 gene G to A polymorphism at codon 242 (nucleotide 870) in exon 4 was assayed, and the IGF-I CA-repeat number was determined by nucleotide sequencing of selected PCR products, as described previously ( 4 ) . The frequencies of the CA-repeat allele numbers (with percentages of the total of 242 alleles) were as follows: 12 (0.8%), 14 (0.8%), 15 (0.5%), 17 (3%), 18 (12%), 19 (58%), 20 (20%), 21 (4.1%), and 22 (0.8%).
For statistical analysis, the age of onset of colorectal cancer was defi ned as the patient's age at diagnosis or, for the unaffected MMR mutation carriers, the age at last follow-up. The CRC age of onset was used as the outcome, whereas the CA-repeat number in the IGF-1 gene, cyclin D1 genotype (homozygous wildtype GG versus heterozygous AG and homozygous mutant AA), sex, and ethnicity were independent variables. The individual's IGF1 (CA) n repeat was modeled at the genotype level ( N = 121). Kaplan-Meier survival analysis was used to assess differences in time to onset of CRC among carriers with varying CA-repeat numbers, the log-rank test (which gives equal weight to all failures) was used to evaluate the homogeneity of the survival curves, and Cox proportional hazard regression model analysis was used to estimate the association between CRC risk and CA-repeat number. To assess proportional hazards assumptions, we checked whether or not the Schoenfeld residuals were significantly correlated with age. No departures from proportional hazards assumptions were observed for any statistically signifi cantly associated markers. To allow for possible correlation of time to cancer onset for individuals of the same family (due to unmeasured variables, such as shared household, environment, dietary exposures, and same gene mutations) we used a robust variance correction available in Stata (the cluster function). This action adjusted the variance of the Cox proportional hazards homogeneity tests by accounting for correlation in time to onset for CRC within families. Analyses were performed using Intercool Stata 8.0 (Stata Corp., College Station, TX).
Because the most commonly reported CA-repeat length is 19 Because the shorter CA-repeat length is thought to lead to higher levels of IGF1 expression ( 12 ) , we considered the allele with the smallest IGF1 CA-repeat number for each individual as the dominant allele. The genotype frequencies are provided (Supplementary Table 2 ; available at http://jncicancerspectrum. oxfordjournals.org/jnci/content/vol98/ issue3 ). When the smallest allele from each individual was modeled as a continuous variable using the Cox model, a statistically signifi cant association between CA-repeat length and time to CRC onset was observed (for every decrease by one CA-repeat length, hazard ratio [HR] = 1.17, 95% CI = 1.05 to 1.31; P = .006). Adjusting for cyclin D1 and ethnicity gave similar results (HR = 1.18, 95% CI = 1.03 to 1.33; P = .02). For example, those with a 14-CA repeat have a 1.18 6 or 2.70 higher risk of CRC than those with a 20-CA repeat.
We also examined the distribution of the IGF1 genotypes. None of the patients had more than one CA ≤ 17 allele and those with one CA ≤ 17 allele had greater risk than those with genotypes not having a CA ≤ 17 allele (CA ≥ 18 ), making genotypes with a CA ≤ 17 versus CA ≥ 18 a logical cut point. Using the CA ≥ 18 genotype as the referent group, those with a CA ≤ 17 allele had a statistically significantly higher CRC risk before (HR = 2.36, 95% CI = 1.28 to 4.36; P = .006) and after adjustment for cyclin D1 (HR = 3.15, 95% CI = 1.68 to 5.91; P <.001). Kaplan-Meier survival analysis showed a 12.5-year difference in the median age of onset between the CA ≤ 17 and CA ≥ 18 groups, with the median ages being 44 and 56.5 years, respectively. The logrank test ( P = .023) demonstrated a statistically signifi cant difference between the curves ( fi g1 Fig. 1 ).
An intriguing result was obtained when we evaluated the associations between the IGF1 CA polymorphism length and cyclin D1 adverse genotypes after stratifying by MMR gene mutation ( tbl2 Table 2 ). For the subset of hMLH1 carriers, no association between CRC risk and IGF1 CA-repeat length was observed; however, the association between CRC risk and cyclin D1 gene mutation was statistically signifi cant (HR = 2.68, 95% CI = 1.06 to 6.77; P = .037). Among hMSH2 carriers, a statistically signifi cant association between CRC risk and IGF1 CA-repeat length was observed (HR = 4.22, 95% CI =1.48 to 12.03; P = .007). However, there was no signifi cant association between CRC risk and cyclin D1 (HR =1.67, 95% CI = 0.67 to 4.14; P = .27). These results indicate a combined association of cyclin D1 and IGF1 CA ≤ 17 genotypes on risk for CRC that varies by MMR mutation type. The risk associated with cyclin D1 was most pronounced among hMLH1 carriers, whereas the association with IGF1 was stronger in hMSH2 carriers. A test for interaction between cyclin D1 and IGF1 was not statistically signifi cant, indicating that larger studies are needed to evaluate the combined effects of cyclin D1 and IGF1. Consistent with our fi ndings, a previous in vitro study demonstrated that following DNA damage, the resulting cell cycle arrest occurs if the MMR genes can induce the degradation of cyclin D1 ( 32 ) .
Our fi ndings indicate a statistically signifi cant association between shorter IGF1 CA-repeat lengths and increased risk for CRC in MMR gene mutation carriers. The fi ndings are consistent with the trends observed in the reports of sporadic CRC and the IGF1 gene polymorphism ( 26 , 29 ) but not with those examining the association of the IGF1 polymorphism with breast and prostate cancers ( 15 , 16 , 22 , 24 , 25 , 27 , 28 ) . This discrepancy is most likely caused by different carcinogenic mechanisms; breast and prostate cancers are hormonally regulated malignancies and IGF1 gene expression in those instances may also be regulated by estrogen and/or androgen. In addition, an obvious difference between our study population and others is that all of our subjects had a major underlying genetic defect in a MMR gene, which may have made them more susceptible to the modifying effects of the IGF1 polymorphism. Another possibility is that the discrepancies among studies may also lie in the study design and analysis performed. In survival analysis, each subject (affected or unaffected) can provide more information about the impact of the genetic factors on time-to-onset than would be afforded by the binary outcome of the case -control design ( 33 ) . Furthermore, most of the other studies classifi ed the CA-repeat length polymorphism by the presence (19/19) or absence (non-19/non-19) of the most common allele, perhaps refl ecting differences in allele frequencies greater than or less than 19 repeats among populations ( 13 -15 , 20 -27 ) .
It is important to point out that although the shorter IGF1 CA repeat is associated with increased risk for CRC, another possibility is that the increased risk is actually due to a polymorphism in another gene or a locus within the IGF1 gene that is in linkage disequilibrium with the CA repeat. We examined the region surrounding the IGF1 gene and found that the closest upstream gene was phenylalanine hydroxylase (357 779 nucleotides away) and downstream was pro-melanin -concentrating hormone (198 075 nucleotides away). Running Ensembl with the HapMap database shows no linkage disequilibrium between single nucleotide polymorphisms (SNPs) in the IGF1 gene and neighboring genes. However, linkage disequilibrium does exist within the IGF1 gene and therefore our fi ndings do not rule out the possibility that the association of IGF1 promoter allelic variants is due to a SNP or other locus within the IGF1 gene. * IGF = insulin-like growth factor; MMR = mismatch repair. † Hazard ratios (HRs) and 95% confi dence intervals (CIs) for development of colorectal cancer were determined for a series of 121 MMR gene mutation carriers from 59 families.
‡ P values (two-sided) calculated using the GG genotype as the referent group for cyclin D1 and the CA ≥ 18 as the referent group for IGF1.
Our study had several potential limitations. It relied on a small sample size, with Caucasians as the predominant ethnic group. However, the association between repeat length and CRC risk was statistically signifi cant. Referral bias could have infl uenced our results: more severe and younger case patients are often referred to our institution because M.D. Anderson Cancer Center is a tertiary care center. Because individuals are not referred on the basis of their genotypes, referral bias would not falsely indicate an association but could change the age at onset distribution, because CRC patients at our site are often younger than those in the general population.
Future in vitro and epidemiologic studies would provide insights about the genotype -phenotype correlation between the IGF1 CA-repeat numbers and the corresponding serum IGF-I levels in MMR mutation carriers. These future studies, although important, have their own sets of problems: IGF-I serum measurements usually rely on onetime point measurement done mostly on individuals who already have cancer. In these patients, changes in IGF-I levels may be a result of the disease rather than a precursor to it. This area is understudied, and further investigations are needed to understand the relationship between IGF1 genotype and IGF-I expression.
In summary, this report provides the fi rst evidence, to our knowledge, for a role of the IGF1 gene in modifying the risk of a hereditary form of cancer. The association between IGF1 and CRC risk may be more pronounced in this study population because the individuals have a high predisposition to develop CRC as a result of their underlying MMR gene mutations. The IGF1 gene may thus be an important target for chemopreventive strategies for HNPCC.
